Introduction {#s0005}
============

Small cell lung cancer (SCLC) accounts for approximately 15% of all lung cancer cases [@b0005]. Although the proportional incidence of SCLC has slightly decreased over the past three decades in Western countries, maybe due to the reduction in smoking habits, it remains a major public health problem [@b0010], [@b0015], [@b0020], [@b0025]. SCLC is an aggressive malignancy characterized by a rapid doubling time and early dissemination; approximately two-thirds of patients present with metastatic disease at diagnosis and so far there is no effective screening [@b0030], [@b0035]. The prognosis of the patients is still poor with an average 5 year overall survival of 10% [@b0040].

For patients with limited stage disease and appropriate performance status (WHO 0--2) definitive radiochemotherapy (RCHT) is the mainstay of treatment [@b0045]. While chemotherapy based on etoposide and cisplatin regimens continue to be considered as standard [@b0050], [@b0055], there is neither solid consensus on irradiation dose nor on radiotherapy (RT) target volume.

Selective nodal irradiation (SNI) has been proven to be adequate in NSCLC [@b0060], [@b0065], [@b0070]. However, in a prospective study on omission of elective node irradiation (ENI) in patients with SCLC, based on CT scans only, a high rate of isolated nodal failures occurred in a small sample size [@b0075]. The same study design transferred to irradiation on basis of FDG-PET/CT scans revealed a considerably lower rate of nodal failures [@b0080]. Nevertheless, there is no clear evidence on optimal target volumes in SCLC.

The aim of curative-intent radiotherapy is permanent local and regional tumor control. In principle local tumor control might be improved by application of higher irradiation doses. In the study of Komaki et al. [@b0085] SCLC patients were treated with different RT regimens and the 18-months survival rate was higher in patients who received 61.2 Gy (82%) compared to those receiving 50.4 Gy (25%). Nevertheless, higher irradiation doses imply a higher probability of toxicities, *e.g.*, esophagitis or pneumonitis [@b0090]. A reduction of irradiation dose to organs at risk may in principle be achieved by decreasing the irradiated volume; however, this might also increase the risk of local or regional recurrence.

Therefore, the aims of this study were the evaluation of sites of recurrent disease in patients with limited stage SCLC undergoing RCHT to assess the feasibility and safety of SNI *versus* ENI and, moreover, the extraction of prognostic factors for loco-regional control, freedom from distant metastases and overall survival.

Material and methods {#s0010}
====================

Patient and tumor characteristics {#s0015}
---------------------------------

This is a retrospective single institution study of 54 consecutive patients undergoing RCHT at the Department of Radiotherapy and Radiation Oncology of the University Hospital Carl Gustav Carus Dresden. The institutional ethics committee approved this retrospective analysis and all patients provided written informed consent for using their data before starting treatment.

The clinical stage was assessed by performing a chest X-ray (usually as a first radiological procedure), contrast-enhanced computed tomography (CT) and ^18^F-fluorodeoxyglucose positron emission tomography (FDG-PET), endobronchial ultrasound-guided transbronchial needle aspiration (EBUS-TBNA) or esophageal ultrasound guided fine needle aspiration (EUS-FNA). In our final analyses we only included all 43 patients with PET imaging to avoid a certain staging bias. Magnetic resonance imaging (MRI) of the brain was performed depending on the referring hospitals' guidelines. Complete blood count, biochemical tests and electrocardiogram were performed to assess fitness for chemotherapy.

All patients were staged according to the latest TNM classification at diagnosis (UICC 6th or 7th edition). Only patients with limited stage disease (LS) were considered in our study, being defined as disease confined to one hemithorax ± mediastinal lymph node metastases ± bilateral supraclavicular node metastases. Patients with extensive disease (distant metastases at diagnosis) or previous resection of the primary tumor were excluded.

Radiation treatment planning {#s0020}
----------------------------

CT for treatment planning purposes was performed in supine position with both arms above the head; all FDG-PET studies were performed in the same position.

The treatment plans were generated using Oncentra Masterplan Version 4.3 (Elekta, Stockholm, Sweden). All patients underwent three-dimensional conformal radiotherapy (3DCRT) typically employing 6--15 MV photons; inhomogeneity correction algorithms integrated in the treatment planning system have been used.

Gross tumor volume (GTV) was defined as primary tumor and any suspect lymph nodes (LN) visualized on CT (\>1 cm on short axial) or FDG-PET (FDG avid), or confirmed by positive cytology (EBUS, EUS) [@b0095]. The clinical target volume (CTV) was obtained by expanding the GTV using a margin of 8 mm (9 mm cranio-caudally) and, after adjusting for anatomical boundaries, electively adding the supraclavicular lymph node stations in all patients. Thereafter, the CTV was expanded to a planning target volume (PTV) using institutional margins of 7 mm (6 mm cranio-caudally). The nodal classification was based on International Association for the Study of Lung Cancer (IASLC) Lymph Node Map [@b0100].

Treatment schedules {#s0025}
-------------------

All patients received the same radiotherapy regimen: 45 Gy in twice-daily fractions of 1.5 Gy according to Turrisi et al. [@b0105] to the entire PTV to counteract repopulation of cancer stem cells during the course of radiotherapy [@b0110]. Irradiation started concurrently with the first or second chemotherapy cycle. In all patients, the chemotherapy consisted of etoposide (intravenous administration of 80--120 mg/m^2^ on days 1--3) and cisplatin (intravenous administration of 60 mg/m^2^ on day 1) typically administered every 3 weeks for four cycles [@b0115], [@b0120]. Four to 12 weeks after completion of RCHT prophylactic whole-brain irradiation (PCI; 30 Gy in 15 fractions) was administered to patients with a complete or near-complete response and with favorable clinical condition [@b0125].

Follow-up and evaluation of outcome {#s0030}
-----------------------------------

Follow-up (FU) consisted of a clinical examination 2--3 weeks after RCHT and a contrast-enhanced CT-thorax 6--12 weeks after completion of treatment, followed by a 3-monthly chest X-ray or CT-scan up to 2 years after RCHT. Thereafter, imaging intervals were extended to 6 months for the following 3 years. If recurrent disease was suspected (loco-regionally or distant), biopsy confirmation was generally performed, except in case of inaccessible tumor site or widespread disease.

In this retrospective analysis all available imaging data (chest X-ray, CT, FDG-PET) were reassessed for the patterns of failure. In order to exactly evaluate sites of recurrences, the follow-up images were fused with the planning CT (see [Fig. 1](#f0005){ref-type="fig"} as example). Local or regional relapse was scored if the recurrent tumor was located inside the original primary tumor or in the mediastinal lymph nodes, respectively. Recurrences were classified as in-field failures if more than 50% of the recurrent tumor volume was located in the PTV. In contrast, out-of-field failure was defined as recurrence outside the PTV but inside the hilum, mediastinum or ipsilateral lung lobe. Isolated nodal failure (INF) represented a single out-of-field nodal failure in the absence of other sites of recurrences*.*Fig. 1Recurrence assessment. Geographical recurrence assessment in one exemplary SCLC patient. Original treatment planning CT slices (a and b) showing the gross tumor volume (inner, thick dark red contour), clinical target volume (orange contour) and planning target volume (outer, thin red contour), the latter being encompassed by the 95% isodose (sky blue contour). CT scan at time of locoregional recurrence (c and d) with fused initial contours and 95% isodose line showing the in-field local relapse (inner thick green contour). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Clinical endpoints and statistical analysis {#s0035}
-------------------------------------------

Endpoints were loco-regional control (LRC), freedom from distant metastases (FFDM), and overall survival (OS). All endpoints were calculated from the first day of radiotherapy to the date of event or censoring. Corresponding survival curves were estimated by the Kaplan--Meier method. The impact of potential prognostic variables was evaluated using the Cox-regression model. All analyses were performed by the SPSS 23 software (IBM Corporation, Armonk, NY). Two-sided tests were performed and *p*-values \< 0.05 were considered statistically significant.

Results {#s0040}
=======

Patient characteristics {#s0045}
-----------------------

Between April 2004 and December 2013, 43 consecutive patients, eligible for this retrospective study, were treated in our center (see [Table 1](#t0005){ref-type="table"}). Median age at diagnosis was 58 years (range 26--75 years) and 67% of patients were male. The majority (60%) of the patients had UICC stage IIIB SCLC; 26% had stage IIIA and 14% had stage IA to IIB disease. All patients underwent FDG-PET imaging during the staging procedure.Table 1Patient, tumor and treatment characteristics.VariableAbsolute number of patientsPercentage (%)GenderMale2967Female1433  WHO performance status0184211433212312Unknown921  Active smoker at diagnosisYes4093No37  TNM stagingIA-IB12IIA-IIB512IIIA1126IIIB2660  Clinical tumor stageTx12T0-T125T21023T3614T42456  Clinical nodal stageNx25N0716N125N21432N31842  Location of primary tumorRight lung2558Left lung1842  Affected nodal stations at diagnosisParatracheal2660Hilar2456Subcarinal1842Para-aortic/sub-aortic921Supraclavicular1228  Concurrent chemotherapyYes43100No00VariableMedian (range)Age58 (26--75)GTV of primary tumor (ccm)34 (1--1341)GTV of LN (ccm)68 (0--599)Total GTV (ccm)120 (7--1341)[^2][^3]

Initial lymph nodal state {#s0050}
-------------------------

At diagnosis, 36 patients (84%) had nodal involvement. Paratracheal (stations 2 and/or 4), hilar (stations 10--14), sub-carinal (station 7), aortic (stations 5, 6) and supraclavicular (station 1) lymph nodes were involved in 26 (60%), 24 (56%), 18 (42%), 9 (21%), and 12 (28%) of the patients, respectively. Those patients with supraclavicular nodal disease had synchronous involvement of lymph node stations 2 and/or 4 in 75% of cases (9/12).

Treatment {#s0055}
---------

Forty-two (98%) patients completed RCHT without interruption. One patient decided to terminate irradiation one day before the scheduled end (final dose: 43.5 Gy in 29 fractions). Five patients (12%) started radiotherapy with the second cycle of chemotherapy, the remaining patients started with both modalities simultaneously. PCI was applied in 27/43 (63%) patients after radical RCHT, whereas the remaining 16 patients did not receive PCI due to disease progression (*n* = 11, of whom five had cerebral progression) or refusal (*n* = 5). Twenty-six percent of the patients receiving PCI developed brain metastases over time.

Patterns of failure {#s0060}
-------------------

Median follow-up of the entire patient cohort was 22.0 months (range 1--85 months) and 50.6 months (27--86 months) for those alive at the time of analysis. One patient died 1 month after RCHT unrelated to treatment and two patients were lost during follow-up (after 36 and 25 months, respectively). Median time to loco-regional and/or distant relapse was 12.5 months. 74% of patients had experienced loco-regional and/or distant relapse (see [Table 2](#t0010){ref-type="table"}; actuarial data), which was treated with chemotherapy in most cases (57%).Table 2Patterns of failure (actuarial data).Type of recurrenceAbsolute number of patientsPercentage (%)Total3274Distant metastases alone1944Loco-regional failure alone49Loco-regional and distant failure921Loco-regional failure1341In-field1134In-field and out-of-field (includes elective LNs)26Out-of-field (includes elective LNs)00Isolated nodal failure00[^4]

In our patient cohort, loco-regional tumor control was 61% after 5 years. 13 patients (30%) had a local or regional relapse; in 8 cases this was the first failure event and in 3 patients distant metastases have been diagnosed simultaneously. The remaining two patients relapsed distantly first. Six patients had local relapse within the initial primary tumor volume, five patients had a regional relapse within the initially affected lymph node stations, one patient relapsed metachronously within the primary tumor and initially affected lymph node stations, and one patient relapsed within regional lymph nodes which were only partly initially affected. A total of 9 patients presented with local recurrences and distant metastases: in 3 cases both occurred simultaneously and in the other 6 cases sequentially after a time interval of 4--25 months.

All loco-regional relapses occurred within the high-dose volumes (92--106% of prescribed dose). There was no isolated nodal failure in our cohort.

Distant metastases were recorded in 65% of the population; mostly in brain (46%) and liver (39%), but also in distant lymph nodes (21%), bone (21%) or the contralateral lung (14%).

Outcome parameters {#s0065}
------------------

LRC after two years was 61%. Median time to distant metastases was 14.2 months (95% CI = 9.7--18.6 months) with a 2-year FFDM rate of 38%. Median time to death was 22.0 months (95% CI = 15.8--28.1 months) with a 2-year OS rate of 37% and a 3-year OS rate of 30% (see [Fig. 2](#f0010){ref-type="fig"}).Fig. 2Clinical endpoints. Kaplan--Meier estimates of (A) overall survival, (B) local control, (C) disease-free survival and (D) freedom from distant metastases.

Analysis of prognostic factors on outcome {#s0070}
-----------------------------------------

In univariate Cox analysis tumor- (T- and N-status, stage and different volume parameters) and patient-related factors (age, gender, WHO-PS and smoking status) were tested. The GTV of the primary tumor and the lymph nodes separately as well as the total GTV did not correlate with any of the outcome parameters. Other previously published prognostic factors affecting overall survival and metastases-free survival, *e.g.*, smoking, WHO status or nodal involvement [@b0185], [@b0190], were also not confirmed in our analysis.

Discussion {#s0075}
==========

The aim of this study was to analyze sites of recurrent disease and investigate prognostic factors in patients with SCLC treated with radiochemotherapy. Regarding overall survival and loco-regional tumor control the results in our patient cohort are in line with previously published literature [@b0080], [@b0105], [@b0130], [@b0135]. We did not observe any patient with isolated nodal failure in our cohort, in which all patients were irradiated selectively on the affected lymph nodes as well as electively on the supraclavicular regions. There was no significant correlation between any of the investigated patient- or tumor-related factors and patient outcome.

So far, there is no consensus on optimal irradiation dose and especially target volumes in SCLC patients. Recently published data may contribute to an international consensus on optimal dose [@b0140]. Regarding target volumes the use of selective nodal irradiation increased during recent years in order to reduce radiation dose to organs at risk and potentially increase dose to the target [@b0145]. The study of De Ruysscher et al. [@b0075] was one of the first that attempted the omission of elective node irradiation in patients with LS--SCLC. In that prospective phase II study, target volume definition was based on CT images only and considered lymph nodes with a diameter \>1 cm as pathologically enlarged. The authors found an unexpectedly high percentage of patients failing regionally (11%), all in the non-irradiated homolateral supraclavicular fossa. This underlines the natural spread of SCLC frequently recurring in the supraclavicular zone and probably justifies prophylactic irradiation of this volume, even in the absence of macroscopically evident disease as depicted by FDG-PET--CT imaging. probably due to the low sensitivity and specificity of CT in hilar/mediastinal lymph nodes in SCLC. A review of patterns of failure in two prospective clinical trials in 108 SCLC patients showed a lower rate of isolated nodal failures (4.6%) [@b0135]. In contrast to these results, another prospective phase II study revealed no isolated nodal recurrence after CT-based omission of ENI in 38 SCLC patients [@b0150]. Further retrospective data on SNI based on CT support these findings [@b0155]. Summarizing, for CT-based treatment planning conflicting results on recurrences have been published so far.

SNI based on treatment planning with FDG-PET scans has been shown to be useful in the studies of van Loon et al. [@b0080] and Shirvani et al. [@b0160]. In the first, the authors applied 3DCRT and reported only 3% of isolated nodal recurrences and 8% of recurrences inside and outside the treatment field leading to a 2-year OS rate of 35% [@b0080]. In the latter study assessing 60 SCLC patients treated with intensity-modulated radiotherapy (IMRT), one isolated elective nodal failure (2%) was reported along with three other cases (5%) of relapse inside and outside the treatment field [@b0160]. The well-known limitations of FDG-PET staging for lung cancer, especially a relatively high amount of false negative lymph node metastases, have to be kept in mind when this imaging technique is included in target volume definition [@b0165].

In our patient cohort staged by FDG-PET--CT and receiving SNI plus elective irradiation of the supraclavicular regions, no case of isolated nodal failure occurred, which, as in the studies of van Loon et al. [@b0080] and Shirvani et al. [@b0160], encourages omitting elective nodal irradiation. We observed only one case of combined relapse in the supraclavicular fossa (metachronously with relapse in the initially involved station 4L and novel station 4R) and in most cases nodal involvement of this region is synchronous with paratracheal nodal disease. Thus, the elective inclusion of the supraclavicular fossa in irradiation fields may be considered in those patients with affected lymph nodes in the upper mediastinal lymph node stations.

In our study all the loco-regional relapses occurred within high-dose regions (*i.e.*, 92--106% of prescribed dose), even in the three cases of relapse outside the original GTV, but inside the PTV. This indicates higher radioresistance of SCLC than assumed and may call for dose escalation, which due to a smaller volume receiving a high dose is more appealing using SNI instead of ENI. One prospective phase II study on increased irradiation dose, even though in a small sample size, has recently been published with promising results [@b0145]. The authors delivered a simultaneous integrated boost up to 57 Gy and reported a grade 3 esophagitis rate of 17% and no pneumonitis grade \> 2. The median overall survival of 37.7 months and the corresponding 2-year survival rate of 68.5% in that trial are encouraging. The recently published CONVERT trial, a multicenter randomized phase III superiority trial, compared a higher once-daily radiation dose (66 Gy in fractions of 2 Gy) with concurrent chemotherapy to the currently used twice-daily schedule [@b0140]. PET--CT was non-mandatory for both staging and radiation treatment planning, elective nodal irradiation not permitted and all patients were irradiated using a 3D-technique. The survival outcomes did not differ between both regimes (*e.g*., overall survival 25 months in the once-daily *versus* 30 months in the twice-daily cohort at a median follow-up of 45 months) and toxicity was similar and lower than expected. Since superiority of the escalated dose was not shown, the authors recommend that twice-daily radiotherapy to be continued as standard of care. Potentially, dose-escalation to a biologically defined target volume or combination with agents influencing the tumor's oxygenation status or immune response may be of benefit [@b0170], [@b0175].

Our results also confirm the well-known high risk of metastatic spread in patients with SCLC, occurring often simultaneously with local recurrences. One current approach to overcome this is application of immunotherapy in combined treatment schedules. Clinical response to cytotoxic T-Lymphocyte antigen-4 (CTLA-4) antibodies and cell death-1 blockade (PD-1) has been shown in some SCLC trials, making these promising targets for more effective therapies, even if a first publication by Reck et al. [@b0180] did not confirm prolonged overall survival rates after the addition of ipilimumab to chemotherapy compared to chemotherapy alone in patients with newly diagnosed extensive-stage SCLC [@b0185], [@b0190]. Use of specific biomarkers potentially predicting the risk of local recurrences or distant metastases would be promising as stratification criteria for further therapeutic approaches [@b0195].

In our univariate analysis none of the investigated patient- and tumor-related co-factors significantly correlated with patient outcome (see [Table 3](#t0015){ref-type="table"}). Conversely, Reymen et al. [@b0200] showed a significant correlation between total GTV and OS in SCLC patients treated with FDG-PET based SNI. The fact that we did not observe an impact on OS in our patient cohort is unclear as the total GTVs in our study were larger and thus may have influenced OS more profoundly \[median 120 cc (range 7--1341 cc) *versus* 93 cc (7.5--895 cc)\] in Reymen et al. [@b0200]. A higher rate of metastases may be explained by the correlation of larger amount of cancer stem cells with increasing tumor volume [@b0205] and by the tumor volume itself. Also other previously published prognostic factors affecting overall survival and metastases-free survival, *e.g*., smoking, WHO status or nodal involvement [@b0210], [@b0215], were not confirmed in our analysis. One possible explanation could be missing variety in these co-factors in our patient cohort together with limited sample size.Table 3Impact of prognostic factors on loco-regional control, freedom from distant metastases, and overall survival.Loco-regional controlFreedom from distant metastasesOverall survivalHR (95% CI)*p*-ValueHR (95% CI)*p*-ValueHR (95% CI)*p*-ValueWHO-PS (0 vs 1, 2)1.96 (0.53--7.33)0.321.58 (0.68--3.70)0.291.89 (0.87--4.13)0.11T-status (1, 2 vs 3, 4)0.75 (0.22--2.48)0.631.01 (0.44--2.30)0.990.78 (0.38--1.60)0.49N-status (0, 1 vs 2, 3)0.28 (0.08--0.95)0.0420.90 (0.34--2.38)0.830.76 (0.33--1.76)0.52Stage (I, II vs III)0.48 (0.13--1.75)0.271.34 (0.41--4.45)0.631.42 (0.50--4.05)0.51Gender0.99 (0.30--3.22)0.980.71 (0.38--1.95)0.710.96 (0.46--2.02)0.92Age1.03 (0.96--1.10)0.470.99 (0.95--1.03)0.671.02 (0.98--1.06)0.48Smoking0.31 (0.07--1.40)0.132.90 (0.39--21.4)0.301.43 (0.34--5.99)0.62Ln Volume GTV PT1.19 (0.78--1.81)0.421.12 (0.83--1.52)0.451.06 (0.82--1.37)0.68Ln Volume GTV LN0.74 (0.49--1.11)0.151.15 (0.86--1.53)0.341.05 (0.81--1.36)0.70Ln Total volume GTV0.88 (0.56--1.37)0.571.25 (0.91--1.72)0.171.12 (0.85--1.46)0.43[^5]

The major shortcomings of the current study include its retrospective nature and the limited patient number, which mainly resulted from the fact that patients ought to have been staged and planned incorporating FDG-PET--CT information. Moreover, all patients were treated with 3D-conformal radiotherapy, which may deliver a somewhat higher radiation dose to non-affected lymph node stations compared to more advanced techniques such as IMRT. However, this technique was also applied in the recently published CONVERT trial and should therefore still be regarded as one of the currently applied radiation techniques [@b0140]. Finally, further prospective clinical trials including biomarker discovery are needed for final determination of irradiation fields and investigation of possible new treatment concepts in SCLC patients.

Conclusion {#s0080}
==========

Our study showed that most recurrences in SCLC occur in the primary tumor volume or initially affected lymph nodes, and even more distantly. We did not observe any case of isolated nodal failure, suggesting the use of SNI, possibly with the addition of supraclavicular irradiation in patients with affected lymph nodes in the upper mediastinum instead of ENI. None of the investigated patient- and tumor-related co-factors significantly correlated with patient outcome. Further prospective clinical trials are needed for final determination of optimal irradiation fields in SCLC patients.
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